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Abstract 8 
 9 
Oxygenated fuel components such as the alcohols of 1-butanol and ethanol are well-known for 10 
their potential to improve engine combustion and PM emissions, and these particular fuels are 11 
receiving ever greater attention due to their renewable nature giving them great CO2 emission 12 
reduction potential. This paper investigates the effect of compression ratio and fuel properties on 13 
combustion, gaseous emissions and PM emissions of an experimental single-cylinder direct 14 
injection spark ignition (DISI) engine. The tests were carried out at an engine load of 8.5 bar, at 15 
various compression ratios between 10.7 and 11.5, with Bu20 (20%vol 1-butanol in gasoline) and 16 
E20 (20%vol ethanol in gasoline) fuel blends along with a reference fuel of gasoline. The results 17 
show that 1-butanol and ethanol addition to gasoline is effective to advance the MFB50 point and 18 
shorten the combustion duration. 1-butanol addition to gasoline is effective to reduce PM number 19 
emissions, while NOx reduction is the main benefit of ethanol addition. It is concluded that 20 
synergies between compression ratio and alcohol addition to gasoline enable to simultaneously 21 
control gaseous and particulate matter emissions while improving fuel economy with respect to 22 
standard gasoline combustion. 23 
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1.0 Introduction 27 
 28 
Reducing net CO2 emissions from the transportation sector is at the forefront of public 29 
perception due to environmental protection concerns. One way to reduce engine CO2 output 30 
is to increase engine’s compression ratio; this improves its thermal efficiency causing the fuel 31 
consumption and thus CO2 emissions to reduce. Another way to reduce net CO2 output is to 32 
convert biomass to produce renewable oxygenated fuels to be used in the transportation and 33 
power generation sectors [1]. Furthermore the upcoming Euro 6 emissions regulations which 34 
limit for the first time the particulate number have increased interest in the effect of 35 
oxygenated fuels on engine particulates; they have the potential to significantly reduce 36 
particulate emissions having health benefits, particularly for people living in urban areas [2, 37 
3]. The most commonly used biofuel component in spark ignition engines is ethanol; 38 
however there is increasing interest in the use of 1-butanol due to its higher calorific content, 39 
miscibility with gasoline, its water tolerance and its lower vapour pressure. 40 
 41 
Gumbleton et al. [4] investigated the effect of compression ratio on engine performance and 42 
emissions in six vehicles with medium sized PFI gasoline engines. They found that increased 43 
compression ratio improved specific fuel consumption; something which was also reported 44 
by Ref. [5], [6], [7] and [8-11]. This is most likely due to the improved thermal efficiency 45 
achieved with the higher compression ratio. However Ref. [9] reported that BSFC got worse 46 
under low-speed, high-load conditions at high compression ratios due to spark retardation 47 
caused by heavy knocking with low octane gasoline. Nevertheless improvements were 48 
observed when a high octane gasoline was used at increased compression ratios [9]. 49 
 50 
Najafi et al. [12] investigated the effect of ethanol blended gasoline fuels on the performance 51 
and emissions of a 4-cylinder 1.3 litre SI engine. They observed that ethanol-gasoline 52 
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blended fuels increased the power (torque) of the engine across the engine load range because 53 
of the more advanced spark timings that could be achieved with ethanol blended fuel in 54 
comparison to gasoline. Ref. [13-17] reported similar findings. Brake specific fuel 55 
consumption improved; something which was attributed to the faster combustion of the 56 
ethanol fuel which increased the thermal efficiency of the engine. HC were observed to 57 
decrease with ethanol blending and NOx was observed to increase. This was due to the 58 
enhanced oxidation and faster flame speed provided by the increased oxygen content of the 59 
ethanol fuel blend compared to gasoline. Ref. [13-15, 18-19] also observed HC emissions 60 
decrease with ethanol addition, however Ref. [20] observed no significant effect of ethanol 61 
blending on HC emissions. Ref. [14-15, 18-19, 21] observed NOx emission decreases with 62 
ethanol addition, while Ref. [20] observed no significant effect of ethanol addition on NOx 63 
emissions. Perhaps this was due to the spark timing not being advanced when the ethanol-64 
gasoline fuel blend was used.  65 
 66 
Deng et al. [22] studied the effect of 1-butanol blending on the performance and emissions of 67 
a single-cylinder PFI spark-ignition engine, using a 35%vol 1-butanol-gasoline blend; they 68 
compared this to a baseline of gasoline. They found that the ignition timing could be 69 
advanced with 1-butanol addition for higher thermal efficiency, due to the better knock 70 
suppression ability of 1-butanol fuel as compared to gasoline. The improved knock 71 
suppression ability has been attributed to the greater heat of vaporization of 1-butanol as 72 
compared to gasoline, giving it a greater charge cooling effect. Ref. [23-29] reported similar 73 
findings. Engine power (torque) and fuel consumption were found to have improved, with 74 
Ref. [25-26] and [28] reporting similar findings, due to the more advanced spark timings that 75 
could be achieved. Ref. [24], [26], [28] and [30-31] reported different findings however, with 76 
power and fuel economy observed to have decreased with increasing 1-butanol blended into 77 
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the gasoline fuel; most likely because the ignition timing was not advanced to its optimum 78 
point when the 1-butanol-gasoline fuel blend was used. Gu et al. [32] studied the emission 79 
characteristics of a 3-cylinder 0.8 litre PFI SI engine fuelled with 1-butanol-gasoline blended 80 
fuels; they found that 1-butanol addition to gasoline reduced the particle number 81 
concentration, due to the increased oxygen content of the 1-butanol fuel in comparison to 82 
gasoline. Ref. [23], [26] and [33-34] reported similar findings for butanol-gasoline blends. 83 
Ref. [23] reported that accumulation mode emissions showed the greatest reduction, most 84 
likely because these larger particles were more affected by the higher rate of oxidation 85 
achieved with the 1-butanol blended fuel, due to oxygen being present in its molecule. 86 
However Ref. [35] reported that 1-butanol addition increased the particle number 87 
concentration, which they attributed to poorer mixture formation.  88 
 89 
Maji et al. [13] investigated the effect of the compression ratio using ethanol-gasoline blends 90 
of 15 and 85%vol and a baseline fuel of gasoline on the performance and emissions of a 91 
single-cylinder PFI engine. They found that as the compression ratio was increased, the HC 92 
emissions increased for both gasoline and gasoline-ethanol blends; something which they 93 
attributed to the increased surface to volume ratio of the combustion chamber. Ref. [6-7] and 94 
[36] observed similar results with gasoline fuel; Ref. [7] attributed this to the higher relative 95 
influence of the crevice volume compared to the whole volume of the combustion chamber as 96 
well as in lower exhaust gas temperatures, supplying worse conditions for post-reactions of 97 
HC in the exhaust pipe as the compression ratio was increased. As discussed, HC emissions 98 
were also observed to have decreased with ethanol-gasoline fuel blends as compared to 99 
gasoline, due to the increased oxidization provided by the oxygen atom in the ethanol 100 
molecule. 101 
 102 
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Overall despite the amount of research that has been conducted into 1-butanol-gasoline and 103 
ethanol-gasoline blended fuels, there appears to be lack of agreement in terms of the effect 104 
these fuel blends on the combustion and emissions of gasoline engines. In addition, little 105 
work has been conducted regarding the effect of these fuel blends on the combustion and 106 
emissions of DISI engines with the majority of the research being conducted on PFI engines. 107 
Furthermore, 1-butanol-gasoline blended fuels have not been studied in detail in DISI 108 
engines, particularly their PM emissions. Finally, 1-butanol-gasoline and ethanol-gasoline 109 
fuel blends have not been studied well with each other along with a reference of gasoline fuel 110 
at different compression ratios. Therefore this research has been conducted to provide deeper 111 
knowledge about the effect of 1-butanol-gasoline and ethanol-gasoline blended fuels on 112 
combustion with focus on particulate matter (PM) emissions of DISI engines.  113 
2.0 Experimental Setup and Procedure 114 
2.1 Engine and Instrumentation 115 
The specifications of the single cylinder DISI research engine used for the study are listed in 116 
Table 1, and the schematic is shown in Fig. 1. The engine was coupled to a direct current 117 
(DC) dynamometer and maintained at a constant speed of 1500 rpm (±1 rpm) regardless of 118 
the engine torque output. The in-cylinder pressure was measured using a Kistler 6041A 119 
water-cooled pressure transducer with a charge amplifier. Coolant and oil temperatures were 120 
maintained at 85°C and 95°C (±3°C) respectively, using a proportional integral differential 121 
(PID) controller and heat exchangers. All temperatures were measured with K-type 122 
thermocouples. The compression ratio was modified by adjusting the number and size of the 123 
metal inserts placed beneath the cylinder head. These acted to adjust the height of the 124 
cylinder head in relation to the piston BDC allowing the compression ratio to be changed. A 125 
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100 litre intake plenum tank (approximately 200 times the engine’s swept volume) was used 126 
to stabilize the intake air flow.  127 
Table 1 Experimental Single Cylinder Engine Specification 128 
Parameter  
Engine Type 4-Stroke, 4-Valve 
Combustion System Spray Guided GDI 
Swept Volume 565.6 cc 
Bore x Stroke 90 x 88.9 mm 
Engine Speed 1500 rpm 
Engine Load 8.5 bar IMEP 
DI Pressure and Injection Timing 15MPa, 280ºbTDC* 
Intake Valve Opening 16.0ºbTDC** 
Exhaust Valve Closing 36.0ºaTDC** 
*TDC refers to TDC of combustion stroke, **TDC refers to TDC of exhaust stroke. 129 
 130 
 131 
Fig. 1 Schematic of Engine and Instrumentation Setup [Colour website, B&W print] 132 
 133 
Indicated fuel consumption was calculated from the measurement of the intake air flow rate 134 
which was made using the volumetric air flow meter (VAF). The load of 8.5 bar IMEP was 135 
chosen to study because it represents one of the worst conditions for engine knock in this 136 
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naturally aspirated (NA) engine, as well as being an engine load that is highly relevant for 137 
both NA and turbocharged DISI engines, increasing the usefulness of the data produced.  138 
 139 
The engine cylinder head was a single-cylinder version of that used in the 2010 Jaguar 140 
LandRover AJ133 5.0 litre V8 engine. It was mounted on a modified single cylinder research 141 
engine and was not designed to be very resistant to knock. The engine has been used in this 142 
study for investigation of engine knocking phenomena. Therefore engine knock occurred at 143 
loads of 6.0 bar IMEP and above, which is somewhat lower than what can be expected with 144 
the state of the art aggressively downsized engines of modern cars on sale today. 145 
Furthermore, audible knock was observed to start occurring with 97 RON gasoline fuel at 146 
engine loads between 4.5 and 6.0 bar IMEP by previous researchers using this research 147 
engine [37-40]. Therefore the occurrence of knock at loads of 6.0 bar IMEP and above is 148 
consistent with these previous investigations. 149 
 150 
The engine was controlled by an in-house program written in LabVIEW. All the engine 151 
operating data, pressure, and temperature data were acquired using another in-house 152 
LabVIEW program. For PM collection, the exhaust samples were taken 300 mm downstream 153 
of the exhaust valve of the engine, as indicated in the figure. They were then diluted by air 154 
(dilution ratio 4:1) at 150˚C to avoid condensation of the particulates, passed through a Topas 155 
TDD 590 thermodenuder at a temperature of 400˚C to remove most of the volatile nucleation 156 
mode particles and analysed in the Scanning Mobility Particle Sizer Spectrometer 157 
(SMPS3936) manufactured by TSI. The exhaust temperature at the sampling point was above 158 
150˚C at all times, so that the particulates did not condense before they were sampled. For 159 
NOx and HC emission measurement, the exhaust samples were taken opposite the PM sample 160 
point using the Horiba sampler device before being pumped via a heated line maintained at 161 
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190°C to the Horiba MEXA7100EGR emissions measurement system, where they were 162 
subsequently analysed. 163 
 164 
A Labview program was developed in order to remove the unwanted noise from the pressure 165 
trace, to identify the knocking amplitude. The program read the on-line pressure data and 166 
applied a Butterworth second order type filter to isolate the frequency range of 4-12Hz, 167 
which ensured that the first and second harmonic knocking frequencies from the engine 168 
remained after the low and high frequency engine – generated signal noise had been 169 
removed. It then calculated the knocking amplitude from the amplitude of the filtered 170 
pressure trace. This provided on-line knocking amplitudes which allowed the KLMBT spark 171 
timing to be quantified at each engine condition before the engine data was recorded. The 172 
KLMBT was defined as the most advanced spark timing with 97% or more of the cycles 173 
having knock amplitudes below 2 bar. The maximum acceptable knock amplitude of 2 bar 174 
was chosen based on the work of Mittal et al. in Ref. [41]. If the maximum brake torque had 175 
been reached before the KLMBT timing, then this spark timing was defined as the KLMBT. 176 
Another in-house MatLab script was used to analyse the in-cylinder pressure trace along with 177 
other relevant parameters in order to calculate the MFB inside the combustion chamber; the 178 
same script was used in a previous publication by this research group [42].  179 
 180 
The theoretical average in-cylinder temperatures were calculated using a detailed engine gas-181 
dynamics and thermodynamics model used by the authors’ research group in Ref. [1] and 182 
described in [37]. The model provides a good correlation between its simulated outputs and 183 
the experimental data. Fundamental assumptions made in the model are based on the 184 
information provided by Heywood [43]. Rather than using a relatively complex chemical 185 
kinetics model, the ideal gas law was used and combined with the prediction of trapped 186 
residuals and fuel vaporization behaviour to estimate the average in-cylinder gas temperature. 187 
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When simulating the combustion of gasoline, the fluid properties of indolene were used. 188 
When simulating the combustion of the fuel blends used, the known properties were inputted 189 
A primary combustion sub-model based on the recorded mass fraction burned (MFB) profile 190 
was used along with a SI Wiebe combustion sub-model which required the input of MFB50 191 
and MFB10-90, in order to simulate the in-cylinder temperature conditions. In addition, a 192 
secondary sub-model was used based on the recorded pressure data to further enhance its 193 
precision. The model was validated using known combustion performance data to maintain 194 
the volumetric efficiencies to within 5% at all tested engine loads. 195 
2.2 Test Fuels 196 
The properties of the three studied fuels are listed in Table 2. Both gasoline and ethanol were 197 
supplied by Shell Global Solutions, UK. The 1-butanol was supplied by Fisher Scientific UK 198 
Ltd. The ULG95 was used in its supplied form, while the 1-butanol and ethanol fuels were 199 
mixed with the ULG95 fuel to form the Bu20 and E20 fuel blends with each containing 200 
20%vol 1-butanol and 20%vol ethanol respectively. The ULG95 fuel was supplied with 201 
5%vol ethanol pre-mixed in it, so the 20%vol 1-butanol blend and ULG95 fuel also had 202 
5%vol ethanol in them too, while the 20%vol ethanol blend did not have any additional 203 
ethanol. It was chosen to study ethanol blended into gasoline fuel rather than in its pure form 204 
because ethanol is used on a wide scale only in its blended forms of up to 20%vol and in the 205 
near future this trend is likely to continue with ethanol-gasoline blends between 20-40%vol 206 
[20]. Therefore the blended form was tested which will not only allow the effect of ethanol 207 
addition to gasoline on DISI engine performance and emissions to be quantified, it will allow 208 
the precise effects of one of the most relevant ethanol-gasoline blends on DISI engine 209 
performance and emissions to be quantified. 1-butanol while not widely used in 1-butanol-210 
gasoline blends has the potential to be used in the future with similar blend ratios as ethanol-211 
gasoline blending; therefore 1-butanol has also been studied. It was studied in its Bu20 blend 212 
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with gasoline rather than its pure form due to the same reason ethanol was studied in its 213 
blended form. 214 
Table 2 Test Fuel Properties 215 
Parameter Butanol Ethanol ULG95 Bu20 E20 
Chemical Formula C4H10O C2H6O C2-C14 C2-C14 C2-C14 
H/C Ratio 2.5 3 1.922 2.038 2.084 
O/C Ratio 0.25 0.5 0.021 0.067 0.093 
Gravimetric oxygen content (%) 21.6 34.78 2.36 6.21 8.84 
Density @ 20˚C (kg/m3) 811 790.9* 743.9 757.3 753.3 
Research Octane Number (RON) 98 106 95 - 102 [44] 
Stoichiometric air–fuel ratio 11.2 8.95 14.15 13.71 13.78 
LHV (MJ/kg) 32.71 26.9* 42.22 39.73 37.76 
Initial boiling point, IBP (˚C) 118 78.4 34.6 34.6 34.6 
Heat of Vaporization ∆vapH (@ IBP) (kJ/kg) 585 858 373 - - 
* Measured at the University of Birmingham. 216 
 217 
2.3 Experimental Procedure 218 
The engine was considered warmed-up once the coolant and lubricant temperatures were 219 
stabilized at 85°C and 95°C respectively, and once the engine cylinder block had been 220 
warmed to 95°C, as measured by a thermocouple embedded 5 mm within the block. Tests 221 
were carried out at ambient air intake conditions (approximately 25°C). Indicated engine 222 
loads were controlled by adjusting the throttle position and injection duration. Relative air-223 
fuel ratio λ was maintained at 1 during the experiments and a 5% COV of the IMEP was not 224 
exceeded. Once the engine load condition had been achieved, 300 pressure cycles along with 225 
engine emissions and particulate data were recorded. This procedure was then repeated for 226 
the different engine fuel blends and reference fuel, and then again for the different 227 
compression ratios. The test matrix for this investigation shown in Table 3 comprised an 228 
overall number of 12 measurements. Readings for each measurement were taken 229 
consecutively until 3 consistent readings were recorded. For the data presented in Fig. 3 and 230 
6, the averaged data from the 3 readings was plotted along with the 95% confidence intervals, 231 
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in order to enable the significant effects of compression ratio and fuel on the data to be 232 
identified. The confidence intervals were calculated using equation (1). 233 
𝐶𝐼 = ?̅?−
+𝑍𝛼/2 ∗
𝜎
√𝑛
 (1) 234 
where CI = confidence interval, ?̅? = mean, 𝑍𝛼/2 = factor based on the desired confidence 235 
interval of 95%, which is 1.96, σ = standard deviation and n = sample size. 236 
Table 3 Experiment Test Matrix 237 
       Compression   
               Ratio  
 
Fuel 
10.7 10.9 11.2 11.5 
Bu20 1 2 3 4 
E20 5 6 7 8 
ULG95 9 10 11 12  
 238 
3.0 Results and Discussion 239 
3.1 KLMBT Spark Timing 240 
 241 
From the knock limited maximum brake torque (KLMBT) spark timings in Table 4, it can be 242 
seen that in the case of gasoline, an increase in the compression ratio had no significant effect 243 
on KLMBT. The same trend is also obtained for the butanol blend (similar octane rating than 244 
gasoline) and even for the ethanol blend, despite the high octane rating of ethanol. This is 245 
because at the engine load of 8.5 bar IMEP, the engine was very prone to knock, even in the 246 
case of alcohols, due to the high low temperature reactivity of alcohols [44] and the higher 247 
amount of fuel being injected into the combustion chamber (i.e. ethanol has lower calorific 248 
value than butanol and gasoline). Thus despite the compression ratio changing, no change in 249 
the KLMBT spark timing could be realized.  250 
It can also be seen that more advanced KLMBT spark timings could be achieved with Bu20 251 
and E20 as compared to ULG95, with the most advanced spark timings being achieved with 252 
Bu20. This is due to their higher octane number and the superior charge cooling effect of 253 
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alcohols compared to gasoline. Despite ethanol having a higher octane number than 1-butanol 254 
and cooling effect (in terms of mass), a more advanced KLMBT spark timings could be 255 
achieved with Bu20. It is believed that the 5%vol ethanol content in the Bu20 blend (20%vol 256 
1-butanol with 5%vol ethanol) was sufficient to compensate for the lower charge cooling and 257 
octane number effect of 1-butanol as compared to ethanol. It is also thought that the higher 258 
chemical reactivity [44], faster laminar flame speeds and shorter fuel injection duration (less 259 
fuel quantity is required for the same engine output power due to the higher heating value 260 
than ethanol) for the butanol blend with respect to ethanol blend meant that the end-zone 261 
auto-ignition sites were consumed before they had an opportunity to auto-ignite, thus also 262 
contributing to the KLMBT spark advances. 263 
Table 4 KLMBT Spark Timings (˚bTDC) 264 
       Compression   
               Ratio  
 
Fuel 
10.7 10.9 11.2 11.5 
Bu20 14˚ 14˚ 14˚ 14˚ 
E20 12˚ 12˚ 12˚ 12˚ 
ULG95 10˚ 10˚ 10˚ 10˚ 
 265 
3.2 In-Cylinder Pressures and Temperatures, and Mass Fraction Burned 266 
(MFB) 267 
 268 
The in-cylinder pressure traces for the two fuels blends of Bu20 and E20 along with that for 269 
the ULG95 reference fuel are shown in Fig. 2a, 2b, and 2c respectively. It is clear that as the 270 
compression ratio was increased, the maximum in-cylinder pressure increased, for the two 271 
fuel blends and the reference fuel tested. This is because the more compact combustion 272 
chamber achieved through the compression ratio increase, reduced the heat losses to the 273 
surroundings, resulting in the in-cylinder pressure increases. The in-cylinder pressures were 274 
highest for Bu20, followed by E20, then ULG95. This is due to the more advanced KLMBT 275 
spark timings which could be achieved with Bu20 and E20 as compared to those achieved 276 
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with ULG95, with the most advanced spark timings being achieved for Bu20; these are 277 
shown in Table 4. This made the combustion quicker and more efficient as the MFB50 point 278 
was advanced towards its optimum 8-10˚aTDC phase [45], as shown in Fig. 3a, resulting in 279 
the higher in-cylinder pressures observed.  280 
 281 
Fig. 2d, 2e and 2f show the calculated average in-cylinder temperatures for the two fuel 282 
blends of Bu20 and E20 and for the reference fuel of ULG95, respectively. Overall the 283 
calculated average in-cylinder temperature increased as the compression ratio was increased. 284 
This is because of the aforementioned increase in in-cylinder pressure which resulted from 285 
the more compact combustion chamber achieved with the compression ratio increase. The 286 
calculated average in-cylinder temperatures were highest for ULG95, with Bu20 and E20 287 
having lower but similar calculated average in-cylinder temperatures across the compression 288 
ratio range. It is proposed that this is due to the higher heat of vaporization of 1-butanol and 289 
ethanol as compared to ULG95, as shown in Table 2. This meant that more energy was 290 
required to vaporize these fuels, causing the average in-cylinder temperatures to reduce. The 291 
earlier start of combustion (advanced KLMBT and higher chemical reactivity) and especially 292 
the quicker combustion speed of butanol with respect to ethanol also contributed to the lower 293 
average in-cylinder temperatures. 294 
 295 
The MFB profiles for the two tested fuel blends of Bu20 and E20, and the reference fuel of 296 
ULG95 are shown in Fig. 2g, 2h and 2i, respectively. For E20 there are no significant 297 
differences between the profiles at the different compression ratios while Bu20 and ULG95 298 
show a slightly advanced combustion as the compression ratio was increased. It is proposed 299 
that the more highly compressed fuel-air mixture at the higher compression ratio burned more 300 
quickly than the less highly compressed mixtures at the lower compression ratios, causing the 301 
combustion to proceed more quickly. Despite this, it appears that the last stage of combustion 302 
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(less than 10% of the fuel mass remaining) was faster at lower compression ratios for all three 303 
fuels. For a quantitative analysis of the combustion speed MFB10, MFB50 and MFB90 has 304 
been calculated from the MFB profiles (please see next section). 305 
  306 
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Fig. 2 In-Cylinder Pressures versus CAD for a) Bu20, b) E20 and c) ULG95 at KLMBT spark timings; 307 
calculated (estimated) average In-Cylinder Temperatures versus CAD at KLMBT spark timings for d) Bu20, e) 308 
E20 and f) ULG95; MFB versus CAD at KLMBT spark timings for g) Bu20, h) E20 and i) ULG95 [Colour 309 
website, B&W print] 310 
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3.3 MFB50, MFB10-90, Exhaust Gas Temperature and Indicated 311 
Efficiency 312 
 313 
Fig. 3a shows the MFB50 data for the two tested fuel blends of Bu20 and E20, and the tested 314 
reference fuel of ULG95, across the compression ratio range. As discussed and explained 315 
previously, the KLMBT spark timings were most advanced for Bu20, with E20 second and 316 
ULG95 third, thus leading to the most advanced MFB50 of Bu20 across the compression 317 
ratio range, followed by E20 and ULG95. The MFB50 remained almost constant across the 318 
compression ratio range for E20; this is reflected in the MFB profile for E20 presented in Fig. 319 
2h. However for the other two fuels of B20 and ULG95, there was a significant reduction in 320 
the MFB50 across the compression ratio range.  321 
 322 
Fig. 3b shows the MFB10-90 data for the two tested fuel blends of Bu20 and E20, and the 323 
tested reference fuel of ULG95, across the compression ratio range. 1-butanol and ethanol 324 
addition to gasoline reduced the combustion duration of the fuel; it is proposed that 1-butanol 325 
and ethanol increased the linear flame speed, due to the oxygen in their molecule. The higher 326 
chemical reactivity of 1-butanol as compared to ethanol and the shorter injection duration of 327 
Bu20 with respect to E20 explains its shorter combustion duration in comparison. It has to be 328 
also noted that the combustion duration of Bu20 reduced significantly across the compression 329 
ratio range; this continues the trend in Fig. 3b which shows that the first half of the 330 
combustion process also proceeded more quickly across the range. 331 
 332 
Fig. 3c shows the exhaust gas temperatures for the two tested fuel blends of Bu20 and E20, 333 
and the tested reference fuel of ULG95 across the compression ratio range. It is clear to see 334 
that there is general small decrease in exhaust gas temperatures across the compression ratio 335 
range. It is proposed that as the compression ratio increased and the MFB50 became 336 
advanced to its optimum 8-10˚aTDC CA50 point [45], the pressure and heat was more 337 
efficiently converted into work on the piston leading to the exhaust gas temperature decreases 338 
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across the compression ratio range [20]. Ref. [7] also observed exhaust gas temperature 339 
reductions as compression ratio was increased. The results also show that ULG95 had the 340 
highest exhaust gas temperature for all compression ratios, followed by E20, then Bu20. It is 341 
proposed that the more advanced MFB50 point of Bu20 as compared to ULG95 and E20 342 
shown in Fig. 3a resulted in more efficient conversion of the pressure and heat into work on 343 
the piston, resulting in the reduced exhaust gas temperatures in comparison. Also as shown in 344 
Fig. 3a, the MFB50 point was more advanced for E20 than ULG95 for all compression ratios 345 
leading to lower exhaust gas temperatures in comparison, again due to more efficient 346 
conversion of the pressure and heat into work on the piston. The lower calculated average in-347 
cylinder temperatures for the Bu20 and E20 fuel blends due to their higher heat of 348 
vaporization as compared to ULG95, will have also contributed to their lower exhaust gas 349 
temperatures, in comparison.  350 
 351 
The indicated efficiency for the two tested fuel blends of Bu20 and E20, and the tested 352 
reference fuel of ULG95, across the compression ratio range, is shown in Fig. 3d. This was 353 
quantified by calculating the work output from the engine, then dividing it by the heat input 354 
from the fuel. They increased by 1.26%, 1.30% and 1.14% for Bu20, E20 and ULG95, 355 
respectively. This compares to a maximum theoretical thermal efficiency increase of 1.80% 356 
which can be obtained from equation (2) by assuming γ=1.4 and solving for the minimum 357 
and maximum respected compression ratios of 10.7 and 11.5.  358 
𝑛
𝑡ℎ=1 − 
1
𝑟𝛾−1
  (2) 359 
Therefore the thermal efficiency increase observed is realistic. As the compression ratio is 360 
increased, indicated (thermal) efficiency increases, thus producing the observed behaviour. 361 
Bu20 had the highest indicated efficiency, followed by E20 then ULG95, due to their 362 
respected KLMBT spark timings (Table 4) and their respected combustion durations (Fig. 363 
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3b). The more advanced the spark timing and the faster the combustion, the more efficiently 364 
the fuel was converted into engine power, thus resulting in the indicated efficiency increases 365 
observed. 366 
  
 
 
Fig. 3 Combustion parameters versus Compression Ratio at KLMBT spark timings a) MFB50, b) MFB10-90, c) 367 
exhaust Temperature, d) indicated Efficiency [Colour website, B&W print] 368 
 369 
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3.4 PM Emission Characteristics  372 
3.4.1 Compression Ratio Effect on PM Number Emission 373 
The particulate matter number emissions for the two tested fuel blends of Bu20 and E20, 374 
along with the tested reference fuel of ULG95 are shown in Fig. 4a, 4b and 4c, respectively. 375 
It is clear to see from Fig. 4a that compression ratio increase reduced the smaller nucleation 376 
mode particles on the left-hand side of the plot (3-30nm) for Bu20 blend. According to Ref. 377 
[24], the nucleation mode particles mainly result from droplets formed by hydrocarbon 378 
condensation and the accumulation mode particles are mainly composed of carbonaceous 379 
agglomerates formed in local rich-fuel zones [46, 47]. It is proposed the observed reduction 380 
was due to the increased calculated average in-cylinder temperatures across the compression 381 
ratio range which increased the oxidation of the particles in the combustion chamber. The 382 
KLMBT spark timing was unchanged across the compression ratio range, therefore mixture 383 
preparation was not considered to have had an effect on the observed behaviour. 384 
 385 
E20 showed a similar trend to Bu20 but it was much weaker; the nucleation mode particles 386 
decreased as the compression ratio was increased. Again it is proposed that the higher 387 
calculated average in-cylinder temperatures shown in Fig. 2e increased the rate of oxidation 388 
of these particles in the combustion chamber, leading to the observed trend. For both Bu20 389 
and E20 no significant changes in accumulation mode particle numbers were observed. It is 390 
believed that the increased oxidization of particles resulting from the increased calculated 391 
average in-cylinder temperatures across the compression ratio range was cancelled out by 392 
increased rate of particle formation caused by the increase in primary carbon particle 393 
formation by thermal pyrolysis and dehydrogenation reactions [23], also resulting from the 394 
increased calculated average in-cylinder temperatures. 395 
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The data for ULG95 shows a completely uni-modal distribution with no significant 396 
nucleation mode particles being recorded. As the compression ratio was increased, the 397 
formation of accumulation mode particles on the right hand side of the plot (30-500nm) 398 
increased. It is proposed that the accumulation mode particles increased across the 399 
compression ration range for ULG95 because the increased calculated average in-cylinder 400 
temperatures increased the particle formation rate, as with E20 and Bu20. This appears to 401 
have overcome the effect of increased particle oxidization resulting from the higher 402 
calculated average in-cylinder temperatures. Again the KLMBT spark timing was unchanged 403 
across the compression ratio range, thus mixture preparation is not thought to have had an 404 
effect on the observations.  405 
 406 
For the two tested fuel blends Bu20 and E20, along with the tested reference fuel ULG95, it 407 
is proposed that significant nuclei adsorption of nucleation particles onto the accumulation 408 
particles occurred and this along with the thermodenuder, which removed many of the 409 
nucleation particles before they could be measured, lead to the mostly uni-modal behaviour 410 
observed.  411 
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3.4.2 Fuel Effect on PM Number Emission 412 
Comparing the behaviours of the different fuels in Fig. 4a, 4b and 4c, 1-butanol significantly 413 
reduced the particle number when added to the gasoline fuel, whereas ethanol had little or no 414 
effect. It is proposed that the significantly earlier MFB50 point and shorter combustion 415 
duration of Bu20 as compared to the other two fuels provided more time for oxidation of the 416 
particulates after the combustion process, leading to the significant particle number reduction. 417 
This appears to have overcome the advanced KLMBT spark timing, which may have 418 
provided benefits in increased post-combustion oxidation time, but, on the other hand, would 419 
have reduced the fuel-air mixing time; and reduced calculated average in-cylinder 420 
temperatures. These would have resulted in more areas with a high local equivalence ratio 421 
and a reduced oxidation rate in the combustion chamber, respectively, which alone would 422 
have led to an increase in accumulation mode particles. However the increased post-423 
combustion oxidization time was clearly the stronger effect. Also it is important to note that 424 
reduced calculated average in-cylinder temperatures will have also reduced the soot 425 
formation rate through reducing the primary carbon particles formed by thermal pyrolysis and 426 
dehydrogenation reactions; thus this may have contributed to the reductions observed. In 427 
addition, it is thought that because the gasoline already had 5%vol ethanol content, the 428 
increase in ethanol content to 20%vol made little difference to the particle number behaviour. 429 
 430 
Overall there is no significant effect of fuel type on the particles average size with all 431 
distributions peaking at around 60nm. Ref. [23], [26] and [32-34] also reported that 1-butanol 432 
addition to gasoline fuel reduced the particle number concentration, and Ref. [18-19] and [48-433 
53] also observed the same for ethanol addition to gasoline fuel. 434 
 435 
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There are further reasons as to why the accumulation mode particles decreased with butanol 436 
addition to gasoline fuel. Firstly, the reduced calculated average in-cylinder temperatures 437 
caused the primary carbon particles formed by thermal pyrolysis and dehydrogenation 438 
reactions to decrease [23]. Secondly, there is a positive correlation between the accumulation 439 
mode particles and the polycyclic aromatic hydrocarbon (PAHs); the addition of alcohol to 440 
gasoline reduces the aromatic content of the fuel, thus it also caused the accumulation mode 441 
particles to decrease [23]. Thirdly, the oxygen content in the fuel blend leads to a lower 442 
formation rate of soot and also to a higher oxidation rate of soot [23]. Despite these reasons 443 
contributing significantly to the reduction in accumulation mode particles observed for the 444 
Bu20 fuel blend, they did not decrease significantly for the E20 fuel blend in comparison to 445 
the reference ULG95 fuel. Lastly, Bu20 had a noticeably higher number of nucleation mode 446 
particles than the other two fuels tested. It is thought that this was due to the lower soot 447 
accumulation mode particles observed, which meant less adsorption of the nucleation mode 448 
particles onto the accumulation mode particle surfaces occurred, leading to higher numbers 449 
being observed in comparison to E20 and ULG95. 450 
 451 
Overall, the effect of 1-butanol addition to gasoline on PM emissions is significant when the 452 
95% confidence intervals are taken into consideration, while ethanol addition to gasoline has 453 
no significant effect at the blend ratio tested. Fig. 5 provides a summary of the effects of 454 
compression ratio and fuel on PM number emissions. 455 
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  456 
 457 
Fig. 4 PM number emissions at KLMBT spark timings for a) Bu20, b) E20 and c) ULG95 [Colour website, 458 
B&W print] 459 
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 460 
Fig. 5 Summary of the effects of compression ratio and fuel on PM number emissions [B&W website, B&W 461 
print] 462 
 463 
3.5 NOx and HC emissions  464 
 465 
Fig. 6a presents the NOx emission data for the two tested fuel blends and tested reference 466 
fuel. Overall there is a significant increase in NOx emissions across the compression ratio 467 
range; they increased by 17.38% for Bu20, 21.69% for E20, and 23.51% for ULG95. These 468 
increases occurred because of the aforementioned increase in in-cylinder temperatures across 469 
the compression ratio range, which caused more NOx to be formed. It is also clear that 470 
ULG95 had the highest NOx emission, followed by Bu20 then E20. It is proposed that the 471 
lower calculated average combustion temperatures of Bu20 and E20 as shown in Fig. 2d and 472 
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2e, respectively, reduced the formation of NOx emissions. Despite the calculated average in-473 
cylinder temperatures being similar for Bu20 and E20 across the compression ratio change 474 
and ethanol having a higher O/C ratio than 1-butanol, Bu20 produced more NOx emissions 475 
than E20. It is proposed that the earlier MFB50 of Bu20 as compared to E20, as shown in 476 
Fig. 3a, provided more time for NOx to form in the hot flames, causing the higher NOx 477 
emissions in comparison.  478 
 479 
Fig. 6b presents the HC emissions data for the two tested fuel blends and the tested reference 480 
fuel. It is clear to see that the HC emissions increased significantly across the compression 481 
ratio range; they increased by 20.9% for Bu20, 20.8% for E20 and 26.2% for ULG95. It is 482 
suggested that the increased surface to volume ratio of the combustion chamber and the 483 
higher relative influence of the crevice volume as compared to the whole volume of the 484 
combustion chamber resulted in the observed HC emission increases [7, 13].  485 
 486 
The emissions were lower for Bu20 and E20 as compared to ULG95 because their oxygen 487 
content was higher, which promoted the oxidation of HC in the combustion chamber. This 488 
appears to have overcome the reduced fuel-air mixing time caused by the more advanced 489 
KLMBT spark timing and the reduced combustion temperatures, which alone will have 490 
caused the HC emissions to increase. Ethanol has a higher oxygen to carbon ratio than 1-491 
butanol, thus there was a higher HC oxidation rate of E20 as compared to Bu20, leading to 492 
lower HC emissions in comparison. Also the KLMBT spark timing was more advanced for 493 
the Bu20 fuel blend in comparison to E20, resulting in poorer mixture preparation and thus 494 
higher HC emissions. Finally the in-cylinder pressures were higher for Bu20 leading to more 495 
HCs being stored in the piston crevice area, contributing to the higher HC emissions observed 496 
for the Bu20 fuel blend.  497 
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 498 
Fig. 6 Gaseous emissions versus Compression Ratio at KLMBT spark timings a) NOx, b) HC [Colour website, 499 
B&W print] 500 
 501 
3.6 Big Picture 502 
 503 
Fig. 7 shows the overall effect of compression ratio and fuel on the gaseous emissions, 504 
indicated efficiency and total PN, while Fig. 8 summarises the compression ratio and fuel 505 
pathways affecting the combustion process, fuel economy and gaseous and particulate matter 506 
emissions. It is clear to see that for ULG95, the gaseous emissions of NOx and HC increased 507 
with increased compression ratio, along with the indicated efficiency and total PN. However, 508 
when 1-butanol and ethanol are blended into the ULG95 fuel, the gaseous emissions of NOx 509 
and HC are reduced, along with total PN, and the indicated efficiency is increased. Ethanol is 510 
most effective to reduce the gaseous emissions of NOx and HC of the ULG95 fuel and 1-511 
butanol is most effective to reduce the total PN emission. 512 
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 513 
Fig. 7 Overall effect of compression ratio and fuel on gaseous emissions, indicated efficiency and total PN 514 
(integrated across 10-289nm range) at KLMBT spark timings [Colour website, B&W print] 515 
 516 
  517 
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4.0 Conclusions 518 
 519 
The effect of compression ratio and fuel on combustion and PM emissions in a single 520 
cylinder DISI research engine was investigated in this paper and the following conclusions 521 
have been made. 522 
1. 1-butanol and ethanol addition to gasoline advanced the MFB50 point as well as reducing 523 
the overall combustion duration across the compression ratio range; 1-butanol had the 524 
greatest effect on these parameters. 525 
2. 1-butanol addition to gasoline significantly reduced the accumulation mode particulate 526 
number emission, due to the earlier combustion phasing and thus increased post-527 
combustion oxidization time; ethanol addition to gasoline had little effect on the 528 
emission. 529 
3. 1-butanol and ethanol addition to gasoline significantly reduced the NOx and HC 530 
emission across the compression ratio range, with ethanol being the most effective. 531 
4. Overall, if combustion and PM number emission parameters are the priority, then the 532 
Bu20 fuel blend has the most potential, while if NOx and HC emission parameters are the 533 
priority, then the E20 fuel blend has the most potential. Synergies between compression 534 
ratio increase and alcohol addition to gasoline enable to simultaneously control gaseous and 535 
particulate matter emissions while increasing indicated efficiency with respect to standard 536 
gasoline combustion. 537 
538 
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